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ABSTRACT
This paper is devoted to the application of air curtain devices to mitigate the refrigerated chambers heat and
humidity gains. The proposed strategy is based on the numerical simulation of air curtain devices by means
of computational fluid dynamics (CFD) using Reynolds averaged Navier-Stokes (RANS) modelling, and their
corresponding experimental validation. Further work on the reduction of the detailed numerical results into
overall energetic parameters, which are useful in air curtain or cold store rating and design codes, is also
presented. Unsteady three-dimensional numerical parametric studies are carried out, simulating the process
of refrigerated chamber sudden door opening, and maintaining the door opened during a certain time. The
numerical solutions are verified and the influence of the turbulence model used is also investigated. The
studies are centred on the influence of air curtain location, the air suction combination, and both the air
discharge velocity and the discharge angle.
1. INTRODUCTION
An air curtain is a set of vertical or horizontal plane jets used as ambient separator of adjacent areas pre-
senting different conditions. As can be seen in Figure 1(a) the jet acts as a screen against heat, moisture or
mass exchanges between both areas. Air curtains are specially appropriate to configurations where effective
(solid) barriers become unacceptable for practical, technical or safety reasons. The major criterion for the
efficiency quantification of an air curtain is the rate of heat and mass transfer crossing it, compared with the
same flow with the opening without air curtain.
In the technical dimensioning of an air curtain both a fluid mechanical approach and a thermal approach are
needed. In the first case is necessary to determine the pressure differences across the opening (P2 −P1) in a
given set of weather conditions, so fixing the required nozzle width (h), jet velocity exit (Uo) and discharge
angle (α). The pressure difference, P2 − P1 is the sum of: wind impacting on the opening (wind pressure);
densities difference (stack pressure); imbalance in the ventilation system (mechanical pressure).
In the thermal dimensioning is important to establish energy losses. The heat loss through the opening with
the air curtain system is due to the jet turbulence level and the net mass flow across it. Owing to the fact
that air is entrained into the jet from both sides, in part because of mixing process and part when the jet
hits the floor, the air curtain can not totally prevent heat and/or mass transport across the doorway, but
remarkably reduce them (Sirén, 2003).
Due to the fact that air curtains are based on impinging plane jets, it is necessary to validate the models
here used in these kind of flows. Therefore, firstly adequately verified numerical solutions are validated using
results published in the technical literature (Ashforth-Frost et al., 1997; Zhe and Modi, 2001). After that,
attention is focussed on situations involving air curtains and its surrounding environment. Thus, selected
turbulence models are compared with experimental data obtained by the authors using hot-wire anemometry
(HWA) technique in situations involving air curtains. Finally, the studies are centred in the unsteady three-
dimensional study of the dynamic behaviour of a refrigerated chamber when its door is suddenly opened,
and maintained opened during a certain time. Thus, numerical solutions of the air curtain and refrigerated
chamber simulation are verified assuring that the results obtained are grid and time step independent.
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(a) (b)
Figure 1: (a) Schematic air curtain from H.B. Awbi (Awbi, 1991). (b) plane impinging jet configuration.
Furthermore, the influence of the turbulence model used is investigated. Then, a parametric study is carried
out and the obtained results are summarised as overall energetic parameters, which are very useful for direct
air curtain design and for integrating the detailed CFD results as parameters into simplified refrigerated
chamber rating and design models.
2. MATHEMATICAL FORMULATION
The time-averaged Navier-Stokes equations of the fluid flow (continuity, momentum and energy), used in


















































is the mean-rate-of-strain tensor; ρu′iT
′ is the turbulent heat flux; and ρu′iu
′
j
is the Reynolds stress tensor. The last one is computed using a linear or higher order relation in terms of
the mean rate of strain and vorticity tensors. The general expression for u′iu
′














































; τ is k/ε or 1/ω; I = δij and [M] represents the trace
of matrix M. It is evident that setting β’s and γ’s coefficients to zero in eq. 4 the linear relation, generally
used, is obtained. For ρu′iT
′ the models use the simple eddy diffusivity approach which can be written as:
ρu′iT





To model the Reynolds stress tensor and the turbulent heat flux, a set of equations are needed to account
for the transport of some turbulent quantities such as turbulent kinetic energy (k) and some length-scale
determining equation (ε or ω) (Wilcox, 1993):































































where μt is known as the eddy viscosity and it is calculated from μt = Cμfμ
ρk2
ε









is the production of k due to shear. The rest of source terms, damping functions and
constants depend on the specific model used.
The set of equations used in the mathematical multidimensional models (continuity, momentum, energy, and
turbulent quantities) are transformed to algebraic equations using a general finite-volume technique. They
are solved using a structured and staggered grid, applying fully implicit time integration. A pressure based
method of the SIMPLE (Semi-implicit Method for Pressure-Linked equations) family is applied to couple
the velocity and pressure fields (Patankar, 1980).
3. VALIDATION NUMERICAL RESULTS
3.1 Impinging plane jets
In Figure 1(b) a schematic representation of the impinging plane jet is presented. A detailed study of the
performance of different RANS models in the description of both plane and round impinging jets is pre-
sented in previous works (Jaramillo et al., 2006; Jaramillo et al., 2007). Results presented in those papers
are verified using the generalised Richardson extrapolation (Cadafalch et al., 2002), and compared with
experimental data from the technical literature (Ashforth-Frost et al., 1997; Zhe and Modi, 2001). In this
paper, illustrative results of the mean velocity profile predicted by the models for the impinging plane jet
with a Reynolds number, based on the nozzle width (B) and mean inlet velocity (vin), of ReB = 20000
and two aspect ratios (H/B = 4 and H/B = 9.2) are presented in Figure 2. This Figure shows a general
agreement between numerical predictions and experimental data (Zhe and Modi, 2001). However, models






































Figure 2: Plane impinging jet, ReB = 20000. Streamwise velocity component at x/B=1. (a) k − ε models
and H/B = 4. (b) k − ω models and H/B = 9.2. Lines: numerical results. Symbols: experiments by
Ashforth-Frost et al. (Ashforth-Frost et al., 1997) and Zhe and Modi (Zhe and Modi, 2001).
Moreover, as it can be seen in Figure 2 any of the models is suitable for the simulation of impinging jets.
Therefore, in this work models proposed by Ince and Launder (Ince and Launder, 1989) and Wilcox (Wilcox,
1993), hereafter referred as IL (k− ε) and WXT (k−ω) respectively, are selected for the numerical studies of
air curtain devices. For more details about mean and fluctuating velocity profiles, and thermal field predicted
by the models under consideration, the reader is referred to the mentioned works.
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3.2 Air curtain experiments
This section is dedicated to the presentation of numerical and experimental results obtained by the authors
in order to characterise the air-curtain fluid-dynamic and thermal fields, and to validate numerical results in
situations involving air curtains. Thus, the air curtain is placed within a climatic chamber that is adapted
to achieve a set of desired conditions. In the chamber a division is practised to obtain two areas at different
conditions. Also, a special heat exchanger is designed, constructed and mounted in the chamber to cool
the air in the space used to simulate environment conditions (see Figure 4). Local values of velocity are
measured with constant temperature hot-wire anemometry technique (CTA TSI-IFA300) (Bruun, 1995). A
cylindrical film sensor TSI1210-20 is used. This is supported by automated positioning devices and adequate
data processing units. Temperature is also measured in both spaces by means of forty k-type thermocouples,
which are previously mounted and adequately calibrated.





















































(b) Left: middle cold space. Right: middle warm space.
Figure 3: Numerical and experimental results comparison for an air curtain subjected to cross-flow. (a)
Velocity, (b) Temperature.
Their values depend primarily on the specific experiment, the required data analysis and the acceptable level
of uncertainty. Time-averaged analysis requires non-correlated samples, which can be achieved when the time
between samples is at least two times larger than the integral time scale of the velocity fluctuations. The
number of samples depends on the desired uncertainty and confidence level of the results. Data obtained for





turbulence intensity (Tu = I = Urms/Umean). In figure 4(b) illustrative measurements of these quantities
are shown. These results correspond to the jet produced by an air curtain with a discharge velocity of
4.5m/s and an imposed crossflow of 2000m3/h. It is measured at the midplane of the opening, each 20mm
in x-direction and 200mm in y-direction. A sampling rate of 500 samples per second and a measuring time






































Figure 4: Experimental setup and results.
The climatic chamber is also simulated numerically using CFD. Experimental measurements of the air curtain
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and cold air discharge are used to feed inlet boundary conditions in the numerical simulation. The model used
in this simulation is the IL model. After grid independence of the numerical solutions is verified, numerical
results are compared with experimental data in Figure 3. Experimental measurements are indicated with
symbols and error bars indicate the standard deviation. In Figure 3(a) a comparison of the air curtain
discharge jet centreline velocity decay and streamwise velocity at the bottom wall in the middle of the warm
room is presented. As can be seen numerical results reproduce correctly experimental data. Furthermore,
temperatures in a vertical line in the centre of cold and warm room are presented in Figure 3(b). Thus,
agreement between predictions and experimental data is fairly good for velocity and temperature as well.
4. DYNAMIC BEHAVIOUR OF A REFRIGERATED SPACE WHEN ITS
DOOR IS OPENED.
The geometry used for all the computations consists of two spaces. The dimensions of the left space are:
10m× 7m× 3m. The dimensions of the room in the right are: 3m× 3m× 3m. The width of the door is 1m
and its height is 2m. The wall is 10cm thick. At the beginning of the simulation the temperature is assumed
to be constant in each one of the spaces for all the cases presented. Thus, in the left space a temperature of
298 K is imposed, whereas in the right space a temperature of 273 K is assumed (if nothing different is said).
Non-slip condition is used at the walls. For the air curtain suction a pressure outflow boundary condition
is used. Furthermore, an inflow condition is imposed at the air curtain discharge, with a given velocity, a
temperature equal to that of the suction and turbulence quantities set by means of a turbulence intensity of
I = 0.05 and a lc = 0.03 ∗ B/2. Moreover, taking advantage of the geometry proposed, only half domain is
simulated due to symmetry conditions.
The parameter selected to evaluate air curtain performance is the sealing efficiency, Efficiency = 1 − Q
Qo
.
Where Qo is the internal energy variation without air curtain and Q is the equivalent when the air curtain
is working. An efficiency of 1 means perfect sealing, while an efficiency of 0 signifies no sealing at all.
In table 1 the different situations considered are shown. However, due to space limitations only illustrative
results are presented below.
Table 1: Characterisation of tests studied in parametric study (∗ angle positive towards cold side).
Case α∗(o) Vinlet(m/s) Tcold(K) Twarm(K) Suction Discharge
No curtain 0 4.55 273.0 298.0 - -
test 1 0 4.55 273.0 298.0 Cold Internal
test 2 0 4.55 273.0 298.0 Warm Exterior
test 3 0 4.55 273.0 298.0 Cold Internal
test 4 0 4.55 273.0 298.0 Mixed 50% warm Exterior 50% warm
test 5 0 4.55 273.0 298.0 Mixed 66% warm Exterior 66% warm
test 6 0 4.55 258.0 298.0 Warm Exterior
test 7 0 2.50 273.0 298.0 Warm Exterior
test 8 0 7.50 273.0 298.0 Warm Exterior
test 9 15 4.55 273.0 298.0 Warm Exterior
test 10 30 4.55 273.0 298.0 Warm Exterior
test 11 -15 4.55 273.0 298.0 Warm Exterior
4.1 Influence of turbulence model, grid and time step.
Before a set of numerical experiments is done, one of the most important aspects to be considered is to verify
that the solution obtained is independent of the grid used and, if the problem involves a transient simula-
tion, of the time step selected. In this work both verification procedures are considered. In a first study the
original grid with approximately N1 = 21000 control volumes is increased to a finer one with N2 = 107000
control volumes. Results obtained for the mean temperature and entrainment rate using both meshes, for the
first two seconds are compared. It is observed that with both grids similar solutions are achieved, thus the
coarse grid can be used in the parametric study. To check the time independence of the obtained solutions,
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results using different time steps are compared. The time steps considered are: dt1 = 0.01s, dt2 = 0.05s and
dt3 = 0.1s. No influence of the time step used in the simulation is observed. Therefore, results obtained
using a time step dt2 = 0.05s or dt3 = 0.1s can be considered time independent.
Even though the study of the results presented by two or more turbulence models can not be considered as
part of a verification procedure, actually it is important to compare the different results obtained if various
turbulence models are used. Therefore, in this work IL (k − ε) (Ince and Launder, 1989) and WXT (k − ω)
(Wilcox, 1993), two-equation linear eddy viscosity models, representative of k − ε and k − ω platforms, are
applied to the same case (cases test1 and test3 in Table 1), in order to check the influence of the turbulent
length scale determining variable on the final results. Thus, mean temperature and entrainment rate are
compared for both IL and WXT models using the N1 grid and a dt2 = 0.05s for the first 8s of simulation. The
differences presented by the models are not significant, thus any of these models could be used. However,
IL model is selected due to WXT model has presented convergence instabilities at the beginning of the
simulation.
4.2 Influence of air curtain location.
In a first set of studies the analysis is centred in the influence of the side where the air curtain is placed.
Furthermore, for comparison purposes, first a simulation of the situation without air curtain is done (case
no− curtain Table 1), after that, the air curtain is placed in the cold side, behind the wall separating spaces
(test3 Table 1), and finally the air curtain is located in front of the door, thus the suction is of warm air
(test2 Table 1). A temperature comparison at time t = 7, 5s is presented in Figure 5(a). As it can be
observed, without air curtain, warm air entries to the refrigerated space and fills almost completely its top
part. However, when an air curtain is located in the cold side, it prevents warm air entering top part, but
because of mixing process, warm air crosses the jet and contributes to increase temperature in the bottom
part of the refrigerated space. Furthermore, when the air curtain is placed in the warm side, it brings warm












































(b) Air curtain sealing efficiency.
Figure 5: Parametric study: influence of air curtain location.
In terms of sealing efficiency, air curtain reduces gains of the refrigerated space (see Figure 5(b)). Moreover,
placing the air curtain in the exterior warm space seems to be the best option for long door opening periods.
But, if the door is opened for very short time intervals, it is better to place the curtain in the cold side (major
efficiency). A combination of both suctions would improve results. Finally, it is important to highlight that
in both cases the air curtain reaches an almost constant value for the efficiency: for test2 it is of 0.75 and
for test3 it is of 0.62.
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4.3 Influence of the air curtain discharge velocity.
An important question that must be addressed is if the discharge velocity that is being use is the correct, or
what is the effect of increasing or reducing it. Thus, three different velocities (2.5m/s, 4.55m/s and 7.5m/s,
which correspond to test7, test2 and test8 respectively) have been used in order to answer previous questions
and check discharge velocity influence on temperature field and global parameters studied.
Discharge velocity can be controlled by the air curtain manufacturer or designer and the differences among
situations analysed are clear. In the case of test7, the jet produced by the air curtain is broken and deflected
towards the refrigerated room as consequence of the reduction of the air curtain discharge velocity. Then,
air curtain fails in the task of separating the rooms. Therefore, temperature in the upper part of the cold
room is increased. Moreover, if the air curtain discharge velocity is increased to 7.5m/s (test8), air entrained
with the air curtain jet is increased and therefore temperature at the bottom of the refrigerated space is






















































(b) Left: gains refrigerated room. Right: sealing efficiency.
Figure 6: Parametric study: (a) effect of discharge velocity. (b) influence of discharge angle.
Results of refrigerated space energy gains and sealing efficiency are presented in Figure 6(a). In this figure
is easy to observe the problems of an inadequate selection of the air curtain discharge velocity. When a low
velocity is used (2.5m/s, test7), energy gains/losses are notably increased, a marked reduction in the sealing
efficiency is also obtained. Furthermore, for short time openings efficiency becomes negative, what means
air curtain effect is harmful. However, the velocity can not be increased too much because again efficiency
is reduced. In this study a velocity of 7.5m/s is selected to check previous statement. In Figure 6(a) can
be seen as air curtain efficiency diminishes, although for the first instants the use of a higher velocity is
beneficial.
4.4 Influence of the air curtain discharge angle.
Another parameter that can be modified by the air curtain designer is the discharge angle. Thus, in this
section four different angles: −15o, 0o, 15o and 30o, which correspond to test11, test2, test9 and test10
respectively, have been used in order to study their influence in air curtain performance. These angles are
assumed to be positive towards the cold room (test9 and test10 Table 1). They have been selected due to
in the case without air curtain (test1), it was observed that the cold air flows by the bottom part of the
doorway, from the right (cold) room towards the left (warm) room. Then, if the jet is directed to that side
a major momentum is generated in order to counteract momentum due to stack effect, therefore this was
expected to improve air curtain behaviour.
In Figure 6(b) energy gains and sealing efficiency obtained for different air curtain discharge angles are
presented. Different results to that expect are accomplished. As can be seen in this Figure when a positive
angle is imposed, energy gains in the refrigerated room are clearly elevated with respect to test2. This
change is particularly important when the angle is varied from 15o to 30o (see Figure 6(b)). Furthermore,
when the angle is set to 30o the air curtain efficiency is always around zero, what means a null sealing effect.
On the other hand, when the angle is set to −15o slight improvements respect to test2 are observed. Thus a
negative angle to some extend improves current results. Nevertheless, positive angles could be beneficial in
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the case of cold air suction/discharge when the air curtain is placed behind the door, i.e. in the cold room
side (test3 in Table 1), where most of the cold air aspired from the refrigerated space would be returned to
it.
5. CONCLUSIONS
A complete study including all the necessary steps to develop a code capable of simulating air curtains has
been done. It involves verification of the numerical solutions, by grid and time step refinement studies,
validation of the mathematical formulation, by means of comparison with results from technical literature
as well as with our own experimental data, and finally a parametric study is carried out.
Cases displayed are an example of the versatility and possibilities that numerical simulation provides for the
study of air curtains in refrigerated room applications. Different parameters have been studied and their
influence on the air curtain performance evaluated. It has been found that the discharge velocity and angle
are the most sensitive parameters, an inadequate value for these variables can produce undesired effects and
contribute to increase energy gains/losses.
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sidades e Investigación’, Spain (ref. ENE2006-11099).
International Refrigeration and Air Conditioning Conference at Purdue, July 14-17, 2008
